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P r e f a c e  
T h i s  r e p o r t  i s  one of a series d e s c r i b i n g  a m u l t i -  
d i s c i p l i n a r y  m u l t i n a t i o n a l  IIASA r e s e a r c h  s t u d y  on  Management 
of Energy/Environment Systems. The pr imary  o b j e c t i v e  of t h e  
r e s e a r c h  is  t h e  development of q u a n t i t a t i v e  t o o l s  f o r  ene rgy  
and environment  p o l i c y  d e s i g n  and a n a l y s i s  -- o r ,  i n  a b roade r  
s e n s e ,  t h e  development of  a c o h e r e n t ,  r e a l i s t i c  approach t o  
energy/environment  management. P a r t i c u l a r  a t t e n t i o n i s  be ing  
devo ted  t o  t h e  d e s i g n  and use  of t h e s e  t o o l s  a t  t h e  r e g i o n a l  
l e v e l .  The o u t p u t s  of t h i s  r e s e a r c h  program i n c l u d e  c o n c e p t s ,  
a p p l i e d  me thodo log ie s ,  and c a s e  s t u d i e s .  During 1975, c a s e  
s t u d i e s  were emphasized;  t h e y  focused  on  t h r e e  q r e a t l y  d i f f e r -  
i n g  r e g i o n s ,  namely, t h e  German Democratic Repub l i c ,  t h e  
Rhone-Alpes r e g i o n  i n  s o u t h e r n  F rance ,  and t h e  s t a t e  of Wisconsin 
i n  t h e  U.S.A. The IIASA r e s e a r c h  was conducted  w i t h i n  a 
network of c o l l a b o r a t i n g  i n s t i t u t i o n s  composed of t h e  I n s t i t u t  
f u e r  E n e r g e t i k ,  L e i p z i g ;  t h e  1 n s t i . t u t  Economique e t  J u r i d i q u e  
d e  l l E n e r g i e ,  Grenoble ;  and t h e  U n i v e r s i t y  of Wisconsin,  Madison. 
Other  p u b l i c a t i o n s  on t h e  management of energy/environment  
systems a r e  l i s t e d  i n  t h e  Appendix a t  t h e  end of t h i s  r e p o r t .  
W.K. Foe11 

A b s t r a c t  
A methodology i s  p r e s e n t e d  t o  accoun t  f o r  t h e  d i s p e r s i o n  of 
a i r  p o l l u t i o n  e m i s s i o n s  a t  a  r e g i o n a l  l e v e l  t o  a r r i v e  a t  ambient  
ground- leve l  c o n c e n t r a t i o n s .  Air p o l l u t i o n  due t o  ene rgy  i s  a  
major concern .  T h i s  methodology has  p a r t i c u l a r  r e l e v a n c e  t o  
s t u d i e s  of  a l t e r n a t i v e  f u t u r e s  and t o  long-range env i ronmen ta l  
p o l i c y  a n a l y s i s .  The methodology i s  developed  u s i n g  d e t a i l e d  
d i s p e r s i o n  model r e s u l t s  and a  Smeared C o n c e n t r a t i o n  Approxima- 
t i o n  (SCA) D i s p e r s i o n  Model i s  d e r i v e d  f o r  Wisconsin u s i n g  t h e  
methodology. A p r e l i m i n a r y  v a l i d a t i o n  f o r  s u l f u r  d i o x i d e  and 
p a r t i c u l a t e  m a t t e r  p o l l u t i o n  i n d i c a t e s  t h a t  t h e  methodology 
p r o v i d e s  a  r e a s o n a b l e  p i c t u r e  of t h e  urban  a i r  p o l l u t i o n  
c o n c e n t r a t i o n s .  R e s u l t s  a r e  p r e s e n t e d  t o  demons t r a t e  t h a t  
d i s p e r s i o n  is i m p o r t a n t  and r e l a t i v e  impact is  n o t  a t  a l l  
p r o p o r t i o n a l  t o  a  s e c t o r ' s  pe rcen tage  o f  t o t a l  e m i s s i o n s .  The 
r e s u l t s  of t h e  u s e  o f  t h e  SCA method i n  s p e c i f i c  c a s e  s t u d i e s  
i n d i c a t e s  t h e  v a l u e  t h e  method h a s  f o r  a d d r e s s i n g  a i r  p o l l u t i o n  
impacts .  
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INTRODUCTION 
The Need 
Information on energy- re la ted  environmental  impacts  i s  
e s s e n t i a l  t o  long-range p lanning and p o l i c y  des ign  a t  t h e  r e g i o n a l  
l e v e l .  Of p a r t i c u l a r  importance a r e  d a t a  on environmental  impacts  
due t o  a i r  p o l l u t i o n .  Energy use  and a i r  p o l l u t i o n  a r e  s t r o n g l y  
c o r r e l a t e d ,  e s p e c i a l l y  f o r  SO2 p o l l u t i o n , a n d  a s  many reg ions  
grow economical ly 'and demographical ly,  s o  t o o  grow t h e i r  a i r  
p o l l u t i o n  problems. The awareness of t h e  importance of a i r  
p o l l u t i o n  impacts  has grown t o g e t h e r  wi th  t h e  r e c o g n i t i o n  of t h e  
importance of environmental  management a s  a  component of t h e  
p lanning process .  Some prominent p o l i c y  q u e s t i o n s  now being 
asked a r e :  
1) What a r e  t h e  major sources  of ambient p o l l u t i o n  concentra-  
t i o n s  i n  an a i r s h e d ?  
2 )  What i s  t h e  e f f e c t  of v a r i o u s  p o l l u t i o n  c o n t r o l  s t r a t e g i e s  
on a i r  p o l l u t i o n  c o n c e n t r a t i o n s ? ,  
3 )  What i s  t h e  c o r r e l a t i o n  between urban p a t t e r n s  and a i r  
p o l l u t i o n  c o n c e n t r a t i o n s ?  
4 )  What a r e  t h e  advantages of concen t ra t ing  primary energy use  
through such conversion methods such a s  e l e c t r i c i t y  genera- 
t i o n  and d i s t r i c t  h e a t i n g  i n  t e r m s  of a i r  p o l l u t i o n  c h a r a c t e r -  
i s t i c s ?  
5 )  What e f f e c t  do reduced energy consumption p a t t e r n s  have on 
a i r  p o l l u t i o n  concen t ra t ions?  
Emissions have f r e q u e n t l y  been t h e  s o l e  i n d i c a t o r  of a i r  
p o l l u t i o n  i n  long-range p o l i c y  des ign  e f f o r t s ,  mainly because of 
t h e  d i f f i c u l t y  i n  extending a  s imple a n a l y s i s  t o  t h e  c a l c u l a t i o n  of 
ambient a i r  p o l l u t i o n  c o n c e n t r a t i o n s .  I t  i s  c o s t l y  both i n  t ime 
and money t o  develop d e t a i l e d  emission i n v e n t o r i e s  and t o  make t h e  
d e t a i l e d  d i s p e r s i o n  model c a l c u l a t i o n s  needed f o r  t h e  environmental  
impact a n a l y s i s .  Also,  t h e  l e v e l  of d e t a i l  provided i n  t h i s  manner 
i s  o f t e n  much g r e a t e r  t han  t h a t  needed by t h e  d e c i s i o n  maker 
concerned  w i t h  b road  p o l i c y  d e s i g n  ove r  t h e  long  t e r m .  
However, e m i s s i o n s  a r e  n o t  a  good i n d i c a t o r  of  r e g i o n a l  a i r  
p o l l u t i o n  impact .  A power p l a n t  may have s i g n i f i c a n t l y  g r e a t e r  
e m i s s i o n s  of  a  p o l l u t a n t  t h a n  a l l  o t h e r  s o u r c e s  combined i n  a  
g i v e n  urSan a r e a .  Bu t ,  t h e  power p l a n t  may be r e s p o n s i b l e  f o r  
o n l y  a  s m a l l  f r a c t i o n  o f  t h e  g round- l eve l  a i r  p o l l u t i o n  concen t r a -  
t i o n  f o r  t h a t  p o l l u t a n t  i n  t h e  urban a r e a .  Y e t  i t  i s  t h e  ambient  
a i r  p o l l u t i o n  c o n c e n t r a t i o n  a t  ground l e v e l  t h a t  c a u s e s  many of  t h e  
env i ronmen ta l  i m p a c t s ,  n o t  t h e  emis s ions .  I n  o t h e r  words,  t h e  
magnitude of t h e  c o n t r i b u t i o n  o f  an emis s ion  s o u r c e  t o  t h e  ambient 
g round- l eve l  c o n c e n t r a t i o n  of  an a r e a  i s  n o t  d i r e c t l y  r e l a t e d  t o  t h e  
magnitude o f  i ts  c o n t r i b u t i o n  t o  t h e  t o t a l  e m i s s i o n s  i n  t h e  a r e a .  
T h i s  i s  because  t h e  d i s p e r s i o n  c h a r a c t e r i s t i c s  ( t h e  way t h e  
p o l l u t a n t s  mix i n t o  t h e  a i r )  a r e  q u i t e  d i f f e r e n t  f o r  d i f f e r e n t  
t y p e s  o f  s o u r c e s ,  f o r  example households  v e r s u s  i n d u s t r y .  Even 
w i t h i n  one c l a s s  o f  s o u r c e s ,  such  a s  i n d u s t r y ,  t h e r e  may be g r e a t  
d i f f e r e n c e s  i n  t h e  d i s p e r s i o n  c h a r a c t e r i s t i c s  among i n d i v i d u a l  
s o u r c e s .  Hence, a  judgment conce rn ing  t h e  s o u r c e s  o f  a i r  p o l l u -  
t i o n  impac t s  f o r  r e g i o n a l  p l a n n i n g  d e c i s i o n s  may be  t o t a l l y  i n -  
c o r r e c t  i f  based  on a i r  p o l l u t i o n  e m i s s i o n s .  I t  i s  i m p o r t a n t  t o  
i n c l u d e  t h e  d i s p e r s i o n  o f  a i r  p o l l u t i o n  e m i s s i o n s  i n  t h e  a n a l y s i s  
o f  r e g i o n a l  e n v i r o n m e n t a l  impac t s .  
One o f  t h e  models deve loped  f o r  r e g i o n a l  env i ronmen ta l  impact  
a n a l y s i s  and p o l i c y  d e s i g n  examina t ion  i s  t h e  =consin Regional  
Energy Model (WISE) c o n s t r u c t e d  by t h e  Energy Systems and P o l i c y  
- 
Research Group a t  t h e  U n i v e r s i t y  o f  Wisconsin [ l ] .  A s  a  major  
component of WISE, a  methodology f o r  t h e  systemwide a s ses smen t  
o f  e n e r g y - r e l a t e d  env i ronmen ta l  impac t s ,  w i t h  s p e c i f i c  r e f e r e n c e  
t o  e l e c t r i c i t y  g e n e r a t i o n ,  was deve loped  a t  Wisconsin and 'IIASA [ 2 ] .  
F u r t h e r  work, i n c o r p o r a t i n q  t h e  d i s p e r s i o n  o f  a i r  p o l l u t i o n  e m i s s i o n s  
from c o a l - f i r e d  e l e c t r i c i t y  g e n e r a t i n g  p l a n t s  i n t o  t h i s  methodology, 
was done a t  IIASA [ 3 ] .  
A d d i t i o n a l  e f f o r t  a t  IIASA h a s  a l s o  been expended t o  deve lop  
a  methodology t o  i n c l u d e  a i r  p o l l u t i o n  d i s p e r s i o n  f o r  n o n - e l e c t r i c  
e n e r g y - r e l a t e d  e m i s s i o n s  i n  t h e  a i r  p o l l u t i o n  a n a l y s i s  o f  env i ron -  
men ta l  impac t .  T h i s  e x t e n s i o n  was done by deve lop ing  an  approxi -  
mation method, desc r ibed  i n  t h i s  paper ,  f o r  de termining t h e  d i s -  
p e r s i o n  of a i r  p o l l u t a n t s  from t h e  d i f f e r e n t  sources .  
The major o b j e c t i v e  of such an approximation method i s  t o  
provide  a  f l e x i b l e  and s imple  means f o r  c a l c u l a t i n g  ambient a i r  
p o l l u t i o n  c o n c e n t r a t i o n s  f o r  use i n  t h e  a n a l y s i s  of a l t e r n a t i v e  
energy f u t u r e s  a t  t h e  r e g i o n a l  l e v e l .  The a i r  p o l l u t i o n  d i s p e r s i o n  
model p r e s c r i b e d  by t h e  approximation method, t o g e t h e r  wi th  a  
damage f u n c t i o n ,  p rov ides  a  v a l u a b l e  t o o l  f o r  long-range p o l i c y  
c o n s i d e r a t i o n s .  
The Requirements 
The WISE Model p rov ides  an e x c e l l e n t  bakkdrop f o r  t h e  des ign  
of such a  d i s p e r s i o n  methodology. The WISE Model i s  a  computer- 
i z e d  dynamic s i m u l a t i o n  model designed p r i m a r i l y  f o r  in te rmedia te -  
t o  long-range p lanning a n a l y s i s ;  t h a t  i s ,  a  t i m e  hor izon  of f i v e  
t o  f i f t y  y e a r s .  The WISE s t r u c t u r e  i s  c e n t e r e d  around s c e n a r i o  
b u i l d i n g  a t  t h e  r e g i o n a l  l e v e l  [ 4 ] .  Scenar io  b u i l d i n g  i s  t h e  
d e t a i l e d  development of a  set of p o s s i b l e  f u t u r e  occurrences  f o r  
a  system f o r  g iven s p e c i f i c  assumptions about  t h e  system. The 
focus  of t h e  s c e n a r i o  w r i t i n g  f o r  WISE i s  r e g i o n a l  r a t h e r  than  
n a t i o n a l  because of t h e  f o r m e r ' s  va lue  i n  address ing  environmental  
i s sues - -o f t en  r e g i o n a l  i n  n a t u r e .  
Oneob jec t ive  of t h e  s c e n a r i o  a n a l y s i s  i s  t o  d e a c r i b e  t h e  
s e n s i t i v i t y  of energy usage and environmental  impacts  t o  t h e  
n a t u r a l ,  socio-economic and t e c h n i c a l  i n f r a s t r u c t u r e  of a  r eg ion .  
Such a  s e n s i t i v i t y  a n a l y s i s  impl ies  changing a  g iven  parameter  
of t h e  system o r  changing one ( o r  a  c o n s i s t e n t  s e t )  of t h e  
assumptions about  t h e  system, computing a  new s c e n a r i o  and analyz-  
ing  t h e  changes t h a t  r e s u l t e d .  This  p l a c e s  a  g r e a t  emphasis on 
t h e  s y s t e m a t i c  comparison of v a r i o u s  a l t e r n a t i v e  p o l i c i e s  o r  
a l t e r n a t i v e  combinations of assumptions.  There fo re ,  a  s imple  
and f l e x i b l e  means f o r  c a l c u l a t i n g  ambient a i r  p o l l u t i o n  con- 
c e n t r a t i o n s  i n  a  r eg ion  i s  r e q u i r e d .  Moreover, t h e  d e s i r e d  metho- 
dology must p rov ide  s u f f i c i e n t  r e g i o n a l  d e t a i l  t o  be  a b l e  t o  
address  r e g i o n a l  environmental  impact i s s u e s ,  and y e t  be a b l e  t o  
t ake  advantage of t h e  f a c t  t h a t  many l o c a l  c h a r a c t e r i s t i c s  can 
be homogenized a c r o s s  t h e  reg ion  when examining t h e  r e g i o n  a s  
a  whole. 
Work h a s  been go ing  on t o  e v a l u a t e  ambient a i r  p o l l u t i o n  
c o n c e n t r a t i o n s  f o r  a  r e g i o n  o r  a  m e t r o p o l i t a n  a r e a  [ 5 , 6 , 7 , 8 , 9 , 1 0 ] .  
But ,  i n  g e n e r a l ,  t h i s  work is  very  d e t a i l e d ,  complex, and t i m e -  
and s i t e - s p e c i f i c .  T h e r e f o r e ,  it i s  n o t  s u i t a b l e  f o r  i n c l u s i o n  
i n  a  methodology based  on s c e n a r i o  w r i t i n g  f o r  t h e  purpose  of  
i n t e r m e d i a t e -  and  long-range p l ann ing  a n a l y s i s .  A more f l e x i b l e  
methodology t o  c a l c u l a t e  ambient  a i r  p o l l u t i o n  c o n c e n t r a t i o n s  i n  
a  r e g i o n  i s  r e q u i r e d .  
S e v e r a l  r e q u i r e m e n t s  f o r  t h e  c h a r a c t e r i s t i c s  of  t h e  metho- 
dology d e r i v e  from i t s  i n c l u s i o n  i n  s c e n a r i o  a n a l y s i s ,  a  pro-  
cedure  which n e c e s s i t a t e s  a n a l y s i s  o f  b o t h  i n d i v i d u a l  s c e n a r i o s  
and t h e  compar isons  a c r o s s  a l t e r n a t i v e  s c e n a r i o s .  For example,  
t h e  env i ronmen ta l  impact  a n a l y s i s  o f  a  p a r t i c u l a r  s c e n a r i o  might  
be concerned w i t h  t h e  r e l a t i v e  c o n t r i b u t i o n s  of d i f f e r e n t  e m i s r '  
s i o n  s o u r c e s  t o  t h e  a i r  p o l l u t i o n  c o n c e n t r a t i o n s  a t  t h e  ground 
l e v e l  i n  a  p a r t i c u l a r  a r e a .  The compara t ive  a n a l y s i s  would be  
concerned w i t h  t h e  changes i n  t h e  r e l a t i v e  c o n t r i b u t i o n s  o f  
d i f f e r e n t  emis s ion  s o u r c e s  f o r  t h e  ground l e v e l  c o n c e n t r a t i o n s  
t h a t  o c c u r  when c e r t a i n  s c e n a r i o  pa rame te r s  a r e  changed and new 
s c e n a r i o s  a r e  c a l c u l a t e d .  Another example o f  a  compara t ive  
a n a l y s i s  would be  t h e  e v a l u a t i o n  of  d i f f e r e n t  a i r  p o l l u t i o n  c o n t r o l  
s t r a t e g i e s .  
The methodology i s  r e q u i r e d  t o  p r o v i d e  s u f f i c i e n t  d e t a i l  i n  
i t s  c a l c u l a t i o n s  o f  a i r  p o l l u t i o n  c o n c e n t r a t i o n s  t h a t  a  meaning- 
f u l  a n a l y s i s  of  a  s c e n a r i o  and meaningful  comparisons between 
s c e n a r i o s  can  be made. T h i s  means t h a t  d e t a i l  i s  n e c e s s a r y  con- 
c e r n i n g  t h e  d i f f e r e n t  t y p e s  of  s o u r c e s .  I t  a l s o  means t h a t  de- 
t a i l  i s  n e c e s s a r y  conce rn ing  t h e  geograph ic  l o c a t i o n  of  t h e  
s o u r c e s ,  because  t h e  a i r  p o l l u t i o n  c o n c e n t r a t i o n s  s t r o n g l y  depend 
on whether  t h e  e m i s s i o n s  s o u r c e s  a r e  clumped t o g e t h e r ,  a s  i n  
c i t i e s ,  o r  a r e  uni formly  s p r e a d  a c r o s s  t h e  r e g i o n .  Y e t  t h e  d e t a i l  
o f  t h e  methodology s h o u l d  n o t  be  o v e r l y  complex. I t  shou ld  t a k e  
advantage  o f  s i m p l i f y i n g  assumpt ions  t h a t  can  b e  made because  
t h e  s c e n a r i o  a n a l y s i s  i s  n o t  s i t e - s p e c i f i c  w i t h i n  t h e  r e g i o n .  
F i n a l l y ,  t h e  methodology must be amenable t o  t h e  t i m e  frame of  
t h e  s c e n a r i o s  and y e t  b e  compa t ib l e  w i t h  any l i m i t a t i o n s  o f  t i m e  
and human r e s o u r c e s  a v a i l a b l e  f o r  a n  a i r  p o l l u t i o n  impact a n a l y s i s .  
These c o n s i d e r a t i o n s  form t h e  framework of  t h e  methodologv. 
T h i s  p a p e r  d e s c r i b e s  t h e  "Smeared C o n c e n t r a t i o n  ~ p p r o x i m a t i o n "  
(SCA) method,  a  methodology d e v e l o p e d  a t  IIASA f o r  c a l c u l a t i n g  t h e  
d i s p e r s i o n  o f  a i r  p o l l u t a n t s .  The method was d e v e l o p e d  t o  t r e a t  
s u l f e r  d i o x i d e  (SO2)  p o l l u t i o n ,  b u t  it i s ,  i n  p r i n c i p l e ,  a l s o  
a p p l i c a b l e  t o  n o n - r e a c t i n g  c h e m i c a l  s p e c i e s  s u c h  a s  p a r t i c u l a t e  
m a t t e r  (PM) and  c a r b o n  monoxide ( C O )  . The p a p e r  i s  o r g a n i z e d  
i n t o  t h e  f o l l o w i n g  s e c t i o n s .  The s e c o n d  s e c t i o n  d i s c u s s e s  t h e  
framework o f  t h e  SCA method.  The t h i r d  s e c t i o n  p r e s e n t s  t h e  
b a s i c  a s s u m p t i o n s  o f  t h e  SCA method,  and  f o r  v a l i d a t i o n  p u r p o s e s ,  
makes p r e l i m i n a r y  c o m p a r i s o n s  o f  t h e  r e s u l t s  o f  t h e  SCA model  
d e v e l o p e d  f o r  Wiscons in  w i t h  m o n i t o r i n g  d a t a  and  d e t a i l e d  d i s -  
p e r s i o n  model  c a l c u l a t i o n s  f o r  W i s c o n s i n .  I n  a d d i t i o n ,  some ' 
examples  a r e  g i v e n  o f  t h e  i n i t i a l  a p p l i c a t i o n  o f  t h e  SCA method .  
I n  t h e  f i n a l  s e c t i o n ,  t h e  c o n c l u s i o n s  a r e  o u t l i n e d  c o n c e r n i n g  
t h e  v a l u e  a n d  u s e  o f  t h e  SCA Method f o r  a i r  p o l l u t i o n  i m p a c t  
a s s e s s m e n t  a t  t h e  r e g i o n a l  l e v e l .  
FRAMEWORK OF THE SCA METHODOLOGY 
Based on  a n  a n a l y s i s  o f  t h e  r e q u i r e m e n t s  set  f o r t h  a b o v e ,  
t h r e e  c o r n e r s t o n e s  c a n  b e  d e f i n e d  f o r  t h e  framework o f  t h e  SCA 
methodo logy .  These  a r e :  
1) E m i s s i o n s  s o u r c e s  n e e d  t o  b e  s u b d i v i d e d  i n t o  t h r e e  
d i s t i n c t  c l a s s i f i c a t i o n s .  
2 )  Urban a r e a s  s h o u l d  b e  e x p l i c i t l y  mode led .  
3 )  The most  r e a s o n a b l e  t e m p o r a l  s c a l e  i s  one  y e a r .  
T h e s e  c o r n e r s t o n e s  a r e  e x p l a i n e d  below.  
E m i s s i o n s  S o u r c e s  
F o r  t h e  deve lopment  o f  t h e  d i s p e r s i o n  methodo logy ,  w e  h a v e  
d e f i n e d  t h r e e  " c l a s s e s "  o f  e m i s s i o n  s o u r c e s  a s  f o l l o w s :  
1) Area  ( o r  l o w - l e v e l )  S o u r c e s ,  a s  f o r  example ,  t r a n s p o r t a -  
t i o n  a n d  r e s i d e n ' t i a l  e m i s s i o n s ;  
2 )  Medium-level  P o i n t  S o u r c e s ,  a s  f o r  example ,  i n d u s t r i a l  
a n d  c e n t r a l  o r  d i s t r i c t  h e a t i n g  s t a c k s ;  and  
3 )  H i g h - l e v e l  P o i n t  S o u r c e s ,  a s  f o r  example ,  l a r g e  e l ec t r i -  
c i t y  g e n e r a t i n g  p l a n t s .  
We refer to the above as three separate classes of emissions and 
dispersions (see Figure 1). 
The need to divide the emission sources into classes is 
motivated by two different sets of considerations - applicability of 
the SCA method to widely differing regions and responsiveness of 
the mebhod to policy questions. The applicability and transferability 
of the methodology from one region to another is tied to meteorological 
considerations. In general, the dispersion character of high-level 
point sources (such as electric power plants), medium-level point 
sources (such as industrial plants), and area sources (such as home 
furnaces or automobiles) differ from each other even under similar 
meteorological conditions. Thus better transferability and flexibility 
is maintained in the methodology by disaggregating the sources into 
these classes. 
From a policy viewpoint, point sources of pollution, such as 
power generation facilities or industrial facilities, require a 
different type of control strategy than would be applied to area 
sources. Moreover, when evaluating impacts, one would like to 
assign relative responsibility. Therefore, it is important to 
know the contributions of each class of source to the ambient 
pollution concentration; is the source of air pollution mainly 
industry, automobiles, home heating, etc.? The three classes 
defined in the SCA methodology give a minimum set that has rele- 
vance to such policy considerations. 
Spatial Resolution 
In the SCA method we explicitly separate out urban areas 
and calculate urban ambient ground-level concentrations for 
them. Air pollution damage occurs at or near the earth's surface, 
i-e. the level of plant, animal and structure contact. Additionally, 
emissions sources are concentrated in or around urban areas. Once 
the "edge" of a set of emission sources is reached, i.e. a 
city boundary, the surface concentrations fall rapidly, as 
illustrated in Figures 2a and 2b for St. Louis, a medium sized 
city located in the central United States. For grourtd-level 
ambient pollution concentrations, this means that cities or urban 
areas are "islands" protruding from a "sea" of rural background 
pollution concentrations. 
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Figure 2a: Simulation of Hourly Averaged SO2 Concentration Field 
In the x-z Plane for St. Louis. 
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Figure 2b: Simulation of Hourly Averaged SO Concentration Field 
In the x-z Plane for St. Louis. 2 
F i g u r a t i v e l y ,  t h e  depth  of t h e  background s e a ,  t h e  a b s o l u t e  
h e i g h t  of t h e s e  i s l a n d s ,  and t h e i r  h e i g h t  r e l a t i v e  t o  t h a t  of 
t h e  background a r e  t h e  impor tan t  i n d i c e s .  Th i s  means t h a t  a  
methodology f o r  a n a l y s i s  of r e g i o n a l  p o l l u t i o n  d i s p e r s i o n  n u s t  
e x p l i c i t l y  t r e a t  t h e s e  i s l a n d s .  The method of t r e a t m e n t  can va ry  
from modell ing each  urban a r e a  s e p a r a t e l y  t o  grouping t h e  urban 
a r e a s  i n t o  a  smal l  number of c l a s s e s  and model l ing  t h e s e  c l a s s e s ;  
o r  it can  be f l e x i b l e  enough t o  i n c o r p o r a t e  some combinat ion of 
t h e s e  two. 
Time Frame 
A number of f a c t o r s  must be cons ide red  f o r  de termining  t h e  
temporal  s c a l e  t h a t  i s  most r e l e v a n t  f o r  t h e  SCA method. Long- 
term p o l i c y  c o n s i d e r a t i o n s  wi th  r e s p e c t  t o  environmental  impacts  
a r e  concerned wi th  changes i n  i n d i c e s  f o r  i n t e r v a l s  of one t o  
s e v e r a l  y e a r s .  Damage f u n c t i o n s  u s u a l l y  r e l a t e  t o  ground- level  
p o l l u t i o n  c o n c e n t r a t i o n s  averaged over  one y e a r  o r  l e s s .  For  sGme 
h e a l t h  impact models [111, twenty-four  hour ave rages  f o r  each 
day of t h e  yea r  a r e  necessa ry .  Larson 1121 h a s  observed t h a t  t h e  
f r e q u e n c i e s  of  occur renceof  a i r  p o l l u t i o n  c o n c e n t r a t i o n  can  be  approxi -  
mated a s  log-normal d i s t r i b u t i o n s ;  t h u s  any shor t - t e rm average  
can be d e r i v e d  from t h e  annual  average  u s i n g  t h e  geometr ic  s t a n -  
dard  d e v i a t i o n .  T h i s  is  s c h e m a t i c a l l y  shown i n  F igure  3 f o r  
twenty-four hour averages  where t h e  s l o p e  i s  r e l a t e d  t o  t h e  geo- 
m e t r i c  s t a n d a r d  d e v i a t i o n .  The most common denominator i n  t h e  
r e p o r t i n g  of a i r  p o l l u t i o n  d a t a  f o r  SO2 i s  t h e  annual  average  
c o n c e n t r a t i o n .  Cons ide ra t ion  of  t h e  above f a c t o r s  l e a d  t o  t h e  
methodology be ing  based upon t h e  c a l c u l a t i o n  of t h e  annual  aver-  
age ground- level  p o l l u t i o n  c o n c e n t r a t i o n  wi th  convers ion  t o  s h o r t e r  
p e r i o d  ave rages  where r e q u i r e d .  
SMEARED CONCENTRATION APPROXIMATION METHOD 
The Smeared Concent ra t ion  Approximation (SCA) method r e p r e s e n t s  
t h e  ground- level  ambient p o l l u t i o n  c o n c e n t r a t i o n  of an urban 
a r e a  by a  s i n g l e  c o n c e n t r a t i o n  uni formly  "smeared" over  t h e  urban 
a r e a .  That  i s ,  t h e  urban i s l a n d s  of a i r  p o l l u t i o n  a r e  conver t ed  
t o  " p i l l  boxes" of  c o n s t a n t  h e i g h t  added t o  a  f l a t  r u r a l  background 
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Figure 3: Log-normal Relationship Between Annual and 
Twenty-Four-Hour Averages. 
pollution concentration as illustrated in Figure 4. 
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Fiqure 4: Smeared Urban Pollution Concentration Adding to 
a Flat Rural Background Concentration. 
The e x p r e s s i o n  o f  t h i s  a v e r a g e  c o n c e n t r a t i o n  f o r  e a c h  u r b a n  
a r e a  a s  t h e  s u n  o f  a  r u r a l  baakground  c o n c e n t r a t i o n  a n d  t h r e e  
u r b a n  s o u r c e  c o n c e n t r a t i o n s  i s  shown i n  E q u a t i o n  1. 
The c a l c u l a t i o n  o f  t h e  r u r a l  background  c o n c e n t r a t i o n ,  B I  
w i l l  b e  d i s c u s s e d  l a t e r  i n  t h e  r e p o r t .  The u r b a n  s o u r c e  concen-  
t r a t i o n s  C i r  a r e  c a l c u l a t e d  f o r  e a c h  o f  t h e  f o l l o w i n g  c l a s s e s  
o f  e m i s s i o n  s o u r c e s :  
i = 1 : Area  S o u r c e s ,  
i = 2 : Medium-Level P o i n t  S o u r c e s ,  a n d  
i = 3  : High-Level  P o i n t  S o u r c e s .  
The a n n u a l  a v e r a g e  c o n c e n t r a t i o n  f o r  a n  u r b a n  a r e a ,  C i ,  i s  
c a l c u l a t e d  a s  shown i n  E q u a t i o n  2 by  m u l t i p l y i n g  t h e  t o t a l  a n n u a l  
u  
u r b a n  e m i s s i o n s ,  Ei, i n  c l a s s  i by a n  SCA d i s p e r s i o n  p a r a m e t e r ,  D i ,  
d e f i n e d  f o r  c l a s s  i. 
U n t i l  r e c e n t l y  it w a s  d i f f i c u l t  t o  d e v e l o p  r e l i a b l e  d i s p e r -  
s i o n  p a r a m e t e r s ,  s u c h  a s  t h e  SCA d i s p e r s i o n  p a r a m e t e r s ,  D ,  es- 
p e c i a l l y  i n  t h e  c a s e  o f  a r e a  s o u r c e s  [ 1 3 , 1 4 ] .  The work h a s  b e e n  
more s u c c e s s f u l  i n  t h e  case o f  p o i n t  s o u r c e s  [ 1 5 , 1 6 , 1 7 1 ,  e v e n  
though  p h y s i c a l l y  u n t e n a b l e  a s s u m p t i o n s  f o r  a t m o s p h e r i c  p a r a -  
m e t e r s  are embodied i n  t h e  a n a l y t i c a l  mode l s .  Second  g e n e r a t i o n  
d i s p e r s i o n  mode l s  f o r  a r e a - t y p e  e m i s s i o n s  h a v e  now been  b u i l t  and 
t e s t e d  t o  t h e  e x t e n t  t h a t  t h e i r  r e s u l t s  c a n  b e  u s e d  w i t h  a  
good d e g r e e  o f  c o n f i d e n c e .  The m o s t  u s e f u l  o f  t h e s e  mode l s  f o r  
r e s o l v i n g  g r o u n d - l e v e l  p o l l u t i o n  c o n c e n t r a t i o n s  f o r  u r b a n  a r e a  
1 
s o u r c e s  a r e  t h e  t h r e e - d i m e n s i o n a l  box mode l s  [ 8 , 9 , 1 0 , 1 8 ] .  However, 
I T h r e e - d i m e n s i o n a l  box mode l s  a s  u s e d  h e r e  are n u m e r i c a l  mode l s  
b a s e d  o n  a  c o n c e n t r a t i o n  d i f f u s i o n  e q u a t i o n  f o r  a  r e c t a n c u l a r  
E u l e r i a n  c o o r d i n a t e  s y s t e m .  The g o v e r n i n g  e q u a t i o n  i s  b a s e d  o n  
t h e  c o n s e r v a t i o n  o f  mass  law f o r  a  s t e a d y  f l o w  o f  a  p o l l u t a n t  
w i t h  t h e  t u r b u l e n t  d i f f u s i o n  i n  t h e  v e r t i c a l  d i r e c t i o n  r e p r e s e n t e d  
by a g r a d i e n t  d i f f u s i o n  ( F i c k ' s  L a w ) .  
several adaptations of analytical Gaussian plume models have 
also been used to calculate ground-level concentrations due to 
area sources [19,20,21] . 
In the work described in this report a three-dimensional 
box model provided the basis for the area source SCA dispersion 
parameter and a Gaussian plume model provided the basis for the 
point source SCA dispersion parameters. The basic assumptions 
for the development of the SCA parameters are described below. 
Basic Assumptions 
Aggregation and Mobility 
We have assumed high mobility of the population within 
an urban area, relative to the fine structure of the spatial 
distribution of the pollution concentration. Based on this mobility 
assumption, one can associate a single concentration/population-dose 
relationship with an urban area. Admittedly, some districts within 
an urban area will consistently experience higher pollution levels 
than the average and since there are threshold effects in some 
health impacts [ll], neglecting these higher levels may result in 
an underestimation of the health impact. However, compared to 
the added insight for health impacts gained by the use of the SCA 
method, such an underestimation is considered tolerable. 
Point Source Dis~ersion and Location 
Three assumptions have been made in the development of the 
SCA dispersion parameters for point source emissions. 
1) Rural coefficients of dispersion are adequate for all 
calculations, even for urban areas; 
2) A single set of meteorological statistics is adequate 
for all urban areas within the region; and, 
3) A single representative pattern of industrial-type point 
sources is adequate for all urban areas within the region. 
Coefficients of Dispersion: A multiple-point source Gaussian 
plume model was used to calculate the SCA point source dispersion 
parameter. Although this model has some weaknesses, it is easy 
to use and represents ground-level pollution concentrations well 
[17]. A key parameter of the model is the coefficient of dis- 
persion, a, used to represent the vertical turbulence. This 
parameter is sensitive to the surface roughness; i.e. whether 
the dispersimoccurs over grass (relatively smooth) or over a 
city with tall buildings (relatively rough). Given the popula- 
tion mobility assumption stated earlier, a single average con- 
centration is used for the entire urban area. Since in calculat- 
ing the SCA dispersion parameter this average is not very sen- 
sitive to changes in the surface roughness, and because the most 
reliable coefficients of dispersion have been developed for rural- 
type roughness [ 5 ] ,  we have used the rural coefficients of dis- 
persion in our point source calculations for both rural and urban 
areas. 
MeteoroZogicaZ S t a t i s t i c s :  In order to calculate ambient pollu- 
tion concentrations at specific points in a region, the meteorology 
must typically be changed from site to site if the region is large. 
However, when the ambient ground-level pollution concentrations 
are averaged for entire urban areas, the differences among urban 
sites as a result of meteorology are less important, particularly 
if the topography of the entire region is reasonable uniform. 
Therefore, we use only one representative set of meteorological 
statistics in the multiple-point source Gaussian plume model to 
derive the set of SCA dispersion parameters that will be applied 
to the entire region. 
Point Source Location: Sensitivity calculations on point source 
location for a rather symmetric pattern of point sources were 
carried out at IIASA. The emission pattern of the point sources, 
however, was not symmetric. These calculations showed, for the 
same pattern of point sources, that when the concentrations are 
averaged over a representative urban area, the results are in- 
sensitive to the distance between the point sources, even though 
1 
this distance changes by over two orders of magnitude. 
Of course urban areas do not all have industry distributed 
more or less equally throughout the area. Urban areas may have 
industry more heavily located in one section and depending on 
the prevailing winds, the average concentration due to the industrial 
point sources may be above or below the average calculated for 
a more symmetric distribution of industrial point sources. How- 
ever, industrial location is not solely determined by air pollu- 
tion considerations and when an actual region is considered, many 
of these differences will cancel out. This cancelling out is 
further enhanced by the mobility assumption above. Based on the 
cancelling out assumption and the sensitivity calculations, one 
can reasonably apply a single representative pattern of point 
sources to all urban areas in the region. 
Area Source Dispersion 
Normally, the size of an urban area influences the buildup 
of the ground-level concentration for a given density of emissions 
and the SCA dispersion parameter would be a monotonic function 
of city size. At this point in the development of the SCA method, 
we have chosen to use one representative area source SCA dispersion 
parameter for all urban areas. The reasons are discussed below. 
As previously stated, the most useful type of numerical model 
with which to calculate the area source SCA dispersion parameter 
is the three-dimensional box model. However, there is a lack of 
systematic box model calculations that can be used to account for 
the influence of the urban size on the SCA dispersion parameter. 
Moreover, without emission inventories for several cities in one 
region, it is not possible to extract this effect from the monitor- 
ing data available. Thus the task is to define a reasonable range 
of city areas with which one could make the box model calculation 
that will give a representative area source SCA dispersion para- 
meter. 
Preliminary indications from work done at Wisconsin [ 2 2 ]  are 
that the effect of urban size on the SCA dispersion parameter 
would be most pronounced for urban areas less than 5 km in radius 
and that the size effect would begin saturating for cities of 
r a d i i  g r e a t e r  t h a n  1 0  km. S a t u r a t i o n  of t h e  s i z e  e f f e c t  can 
be  i l l u s t r a t e d  by examining a  uniform a r e a  s o u r c e  of e m i s s i o n s  
f o r  t h e  ve ry  common m e t e o r o l o g i c a l  c o n d i t i o n s  of a  n e u t r a l  a tmosphere  
and low wind speeds .  For  a  g i v e n  r a d i u s  of  t h e  a r e a  s o u r c e ,  r ,  
t h e  i n c r e a s e  A D ,  of t h e  SCA d i s p e r s i o n  pa rame te r ,  D ,  f o r  a  A r  
of 1 km; e x h i b i t s  t h e  fo l lowing  behav io r :  
The l e v e l i n g  o f f  of AD a f t e r  a  r a p i d  d e c r e a s e ,  t o  s m a l l  p e r c e n t a g e s  
a s  t h e  r a d i u s  i n c r e a s e s  i s  what i s  termed t h e  "urban s i z e  s a t u r a t i o n  
e f f e c t " .  Beyond a  r a d i u s  f o r  t h e  a r e a  s o u r c e  of 7-10 km, t h e  
i n c r e a s e  i n  t h e  SCA d i s p e r s i o n  parameter  due  t o  a n  i n c r e a s e  i n  t h e  
s i z e  of t h e  a r e a  s o u r c e  becomes s m a l l  r e l a t i v e  t o  t h e  o t h e r  un- 
c e r t a i n t i e s  i n v o l v e d .  
A d d i t i o n a l l y ,  u s i n g  t h e  concep t  of t h e  e x p o n e n t i a l  c i t y  [ 2 3 ] ,  
one f i n d s  f o r  Western c u l t u r e s  t h a t  a n  u rban  p o p u l a t i o n  of  one- 
hundred thousand  i n h a b i t a n t s  co r r e sponds  t o  a  r a d i u s  R = 5 . 5  km, 
f ive-hundred  thousand  i n h a b i t a n t s  co r r e sponds  t o  R = 11.3  km, and one 
m i l l i o n  i n h a b i t a n t s  c o r r e s p o n d s  t o  R = 15 .3  km. S i n c e  v e r y  l i t t l e  
of t h e  t o t a l  impact  w i l l  o c c u r  i n  c i t i e s  w i t h  p o p u l a t i o n s  less 
t h a n  one-hundred thousand ,  o n l y  R v a l u e s  g r e a t e r  t h a n  s i x  k i l o m e t e r s  
a r e  s i g n i f i c a n t  i n  t h e  a n a l y s i s .  Because t h e  urban  s i z e  e f f e c t  
b e g i n s  s a t u r a t i n g  f o r  R e q u a l  t o  t e n  k i l o m e t e r s  it is  unnecessa ry  t o  
u s e  a n  R much g r e a t e r  t h a n  t e n  k i l o m e t e r s .  T h e r e f o r e ,  a  r e p r e -  
s e n t a t i v e  r a n g e  f o r  t h e  r a d i u s  of t h e  urban  a r e a  f o r  t h e  box-model 
c a l c u l a t i o n  used t o  d e r i v e  t h e  a r e a  s o u r c e  SCA parameter  i s  s i x  
t o  twe lve  k i l o m e t e r s .  
Rura l  Background Ambient P o l l u t i o n  C o n c e n t r a t i o n s  
For t h e  ambient  background p o l l u t i o n  c o n c e n t r a t i o n s  i n  r u r a l  
a r e a s ,  w e  b e l i e v e  t h a t  d e t a i l e d  d i s p e r s i o n  models have n o t  y e t  
been  s u f f i c i e n t l y  v a l i d a t e d  t o  u s e  them d i r e c t l y  a s  has  been  
done f o r  u rban  a r e a s .  ~ e t a i l e d  d i s p e r s i o n  models do ,  however, 
g i v e  a  g u i d e  t o  t h e  r e l a t i v e  i n f l u e n c e ,  o r  e f f e c t i v e  e m i s s i o n  
s t r e n g t h ,  o f  t h e  d i f f e r e n t  emis s ion  s o u r c e s  on t h e  r u r a l  back- 
ground p o l l u t i o n  c o n c e n t r a t i o n .  T h e r e f o r e ,  t o  c a l c u l a t e  t h e  
ambient  background c o n c e n t r a t i o n  i n  t h e  SCA method t h e  concep t  
o f  e f f e c t i v e  e m i s s i o n  s t r e n g t h  i s  used  t o g e t h e r  w i t h  an  i n i t i a l  
v a l u e  f o r  t h e  ambient  background c o n c e n t r a t i o n .  
The e f f e c t i v e  e m i s s i o n  s t r e n g t h ,  F ( E ) ,  a t  a  p o i n t  i n  t i m e  
i s  a  l i n e a r  f u n c t i o n  o f  t h e  t o t a l  e m i s s i o n s  i n  t h e  r e g i o n  from 
t h e  t h r e e  c l a s s e s  of e m i s s i o n  s o u r c e s ,  a s  shown i n  Equa t ion  3 .  
The c o n s t a n t s ,  a , b ,  and  c r e p r e s e n t  t h e  r e l a t i v e  impact  
each  e m i s s i o n  c l a s s  h a s  on t h e  r u r a l  background.  I n  t h e  work de- 
s c r i b e d  h e r e ,  t h e  c o n s t a n t s  a r e  de t e rmined  f o r  a  mid-range (T5-40 k m )  
i n f l u e n c e  t h a t  would e x t e n d  o u t  from t h e  u rban  a r e a s .  T h i s  shou ld  
b e t t e r  r e p r e s e n t  t h e  changes  i n  background c o n c e n t r a t i o n s  n e a r  
l a r g e  urban  a r e a s ,  where t h e  background c o n c e n t r a t i o n s  a r e  a l s o  
h i g h e s t .  The c o n s t a n t s  a r e  c a l c u l a t e d  by t a k i n g  a n  a n n u l a r  
s e c t i o n  of t h e  d i s p e r s i o n  model r e s u l t s ,  where t h e  i n n e r  r a d i u s  
of  t h e  a n n u l u s  i s  t h e  same a s  t h e  r a d i u s  u sed  t o  c a l c u l a t e  t h e  
SCA d i s p e r s i o n  p a r a m e t e r .  A d d i t i o n a l l y ,  t h e  change i n  t h e  r u r a l  
background c o n c e n t r a t i o n , d u e  t o  a  change i n  t h e  t o t a l  e m i s s i o n s  
i n  t h e  r e g i o n  i s  assumed t o  b e  p r o p o r t i o n a l  t o  t h e  change o f  t h e  
e f f e c t i v e  e m i s s i o n  s t r e n g t h ,  F ( E ) .  
Given a n  i n i t i a l  v a l u e  a t  Year to f o r  t h e  r u r a l  background 
c o n c e n t r a t i o n ,  B ( t o ) ,  w i t h  co r r e spond ing  e m i s s i o n s  E l ( t o ) ,  ~ ~ ( t ~ )  
and E 3 ( t o ) ,  t h e n  t h e  r u r a l  background c o n c e n t r a t i o n  a t  any o t h e r  
t i m e ,  t ,  i s  g i v e n  by   qua ti on 4 .  
The i n i t i a l  v a l u e ,  B ( t o ) ,  must be o b t a i n e d  from e m p i r i c a l  d a t a  
o r  from an  e s t i m a t e  based  on o t h e r  i n f o r m a t i o n .  
SO2 L i f e t i m e  
SO2 i s  n o t  an i n e r t  s p e c i e s t a n d  a s  an a i r  p a r c e l  t r a v e l s  
t h e  SO2 c o n c e n t r a t i o n  d e c r e a s e s ;  t h i s  can be approximated a s  a  
f i r s t  o r d e r  decay due t o  b o t h  d e p o s i t i o n  and t r a n s f o r m a t i o n :  
Decay Rate  = R = -k - Concen t ra t ion  
a  
The e s t i m a t e d  SO2 decay  r a t e s  developed by t h e  OECD Long Range 
T r a n s p o r t  of A i r  P o l l u t a n t s  Program [ 2 4 ]  e x h i b i t  some v a r i a t i o n  
around ka = 2 -5 -1 10 S  , corresponding  t o  a  r e s i d e n c e  t i m e  of  about  
10  hour s .  For normal wind s p e e d s ,  t h e  r e a c t i o n  r a t e  i s  s lower  
t h a n  t h e  advec t ion  r a t e  of wind ove r  an  u rban  a r e a .  Thus decay 
r a t e  e f f e c t s  a r e  n o t  impor t an t  e x c e p t  i n  e p i s o d e  c o n d i t i o n s .  The 
e f f e c t  of e p i s o d e  c o n d i t i o n s  on t h e  annua l  ave rage  ambient  p o l l u -  
t i o n  c o n c e n t r a t i o n  i s  g e n e r a l l y  s m a l l ,  and it w i l l  be  v e r y  s m a l l  
compared t o  changes i n  t h e  annual  ambient p o l l u t i o n  a v e r a g e s  c a l c u -  
l a t e d  f o r  d i f f e r e n t  a l t e r n a t i v e  energy f u t u r e s .  Thus,  w e  have 
assumed t h a t  decay- ra t e  e f f e c t s  can be n e g l e c t e d  f o r  SO2. 
The Wisconsin SCA Dispe r s ion  Parameters  
Based on t h e  above assumpt ions ,  a  se t  of SCA d i s p e r s i o n  
pa rame te r s  f o r  SO2 p o l l u t i o n  was developed f o r  Wisconsin condi -  
t i o n s .  The r e s u l t i n g  se t  of Wisconsin SCA d i s p e r s i o n  pa rame te r s  
i s  shown i n  Tab le  1. 
Table  1: Wisconsin SCA D i s p e r s i o n  Pa rame te r s  
f o r  SO2 P o l l u t i o n  
- 
-4  3  2 0  10 pg/m p e r  t o n  e m i t t e d  
- 
3  
D2 4.2 . pg/m p e r  t o n  e m i t t e d  
- 
3  
D3 - 0 .30  . pg/m p e r  t o n  e m i t t e d  
F (E t )  = (E l  + E 2  + 0.1E3) 
a t  y e a r  t 
The area source SCA dispersion parameter was based on the 
results of the University of Wisconsin Air Quality Modelling 
Group's three-dimensional box dispersion model [251. Calculations 
were provided of the ground-level SO, concentrations due to 
residential and commercia,l coal use in Milwaukee for 1970-71 and 
1973-74. The area of these sources was much less than the total 
Milwaukee urban area, but the distribution of sources mirrored a 
typical urban region. This typical distribution of sources was 
defined as the model urban area of ground-level sources of pollu- 
tion to be used in this work. The radius of the model urban area 
was approximately 10 km and the arithmetic average of the ground- 
level concentrations over this radius was taken to develop the SCA 
dispersion parameter. 
The point source SCA dispersion parameters were calculated 
using the multiple-point source Gaussian plume model. The Moses 
and Carson plume-rise formula [26] was used because it represents 
well the type and size of point sources for Wisconsin. The meteor- 
ological statistics for the city of Madison were used since Madison 
is located in the southern part of the state where the majority 
of impacts occur. The SCA dispersion parameter for medium-level 
point sources was calculated using 24 point sources that, as a 
group, reflected the stack characteristics of the mix of industrial 
point sources in southeastern Wisconsin, the state's most industrial- 
ized area. The calculations were averaged over a 30 km by 30 km 
grid. The SCA dispersion parameter for high-level point sources 
was calculated by adding to the industrial sources an average 
electricity generation station with a stack height of 170 m. 
The constants a, b, and c of the emission strength function, 
F ( E ) ,  were calculated using the same set of calculations as for 
the SCA dispersion parameters. In this case, an annular section 
was taken that extended 30-40 km from the sources. 'Thus the 
Wisconsin emission strength function represents the relative 
contribution of the different classes of urban area emissions to 
the urban area's surrounding background concentration at the near 
and medium range; the Wisconsin emission strength function, F(E) 
does not give the relative contribution of the different classes 
of urban area emissions to the background concentration for long- 
range pollution transport, i.e. several hundred kilometers. 
Validation 
Validation of the SCA method is still in the initial 
stages. It requires detailed emission inventories for urban 
areas as well as detailed dispersion model calculations2 based 
on these emission inventories. Also, the emission inventories 
and model calculations need to be broken down into the three 
classes of emission sources mentioned in Section 11. 
Comparison of the results of the Wisconsin SCA model 
with monitoring data and with detailed dispersion model results 
for Wisconsin cities form the first step in the validation o F  
the SCA method. The comparison must be made for cities with a 
radius greater than 5 km because the urban size effect is not in- 
cluded in the area source SCA dispersion parameter. Two Wisconsin 
cities, Madison and Milwaukee, ace large enough and have the 
required emission inventories and detailed dispersion model 
calculations to begin a validation analysis. 
When comparing SCA model results with results of detailed 
dispersion models averaged over the urban area, one would I 
expect the agreement between the calculated urban average 
ground-level concentrations to be reasonably close. When com- 
paring SCA model results with monitoring data that have been a 
averaged for the urban area, however, one would expect the monit- 
oring results to be consistently higher, up to factors of 2-5. 
This is because monitoring stations are usually located in the 
central part of an urban area where concentrations are highest 
and individual stations can be strongly influenced by particular 
point sources. Thus monitoring data are not necessarily represent- 
ative of the ambient pollution concentration over the entire 
urban region. 
Two pollutants, SO2 and particulate matter (PM), were 
selected for the validation analysis of the SCA model. The SCA 
dispersion parameters were developed for SO pollution and the 
2 
- 
'~etailed dispersion model calculations as carried out for 
Wisconsin consist of multiple-point source Gaussian plume model 
calculations and three-dimensional box model calculations for 
area sources. 
SO, validation analysis is the central concern. However, a PM 
validation analysis is included to provide an initial test of 
the transferability of the SCA method to other non-reacting 
pollutants. 
Both SO2 and PM have had the longest history as recog- 
nized pollutants, being the major components of "classical 
smog". Interest in these two pollutants is strong. Air pollu- 
tion standards in terms of annual average concentrations exist 
for both pollutants in most countries that have standards, and 
they are the most widely monitored of all the pollutants. There- 
fore, the best monitoring data base and the most complete detailed 
dispersion model calculations of annual-average concentrations 
exist for these two pollutants. In addition, unlike hydro- 
carbons or carbon monoxide, strong sources of SO2 and PM are 
found in each of the three emission classes defined in the SCA 
method. This facilitates a better and more complete validation 
analysis. 
Comparison of SO2 Pollution Levels: Milwaukee 
Detailed dispersion model calculations for Milwaukee have 
been performed for 1973 [ 2 7 ] .  When the monitoring data are 
compared with the model results for the monitoring sites, the 
statistical correlation coefficient between the model calcula- 
tions and the monitoring data is r = 0.91. 
Isopleths of SO, concentrations attributable to area 
sources'and point sources were available from the detailed 
dispersion model calculations for the Milwaukee urban area. 
These isopleths were averaged over the Milwaukee urban area for 
the comparisons with the SCA model. 
The same emission inventory data thatformed the data base 
for the detailed dispersion model was used for the SCA model cal- 
culations. The total emissions by type are shown in Table 2. For 
the SCA model results the transportation, residential and comrner- 
cia1 emissions were multiplied by SCA dispersion parameter, Dl, 
the industrial emissions by D2 and the power plant emissions by 
* 
Source :  Ref .  [28]  
* * 
Source :  Ref .  [27]  
Tab le  2 :  Milwaukee, SO2 Comparison 
1973 
D 3 .  These r e s u l t s  and t h e  comparison w i t h  t h e  d e t a i l e d  d i s p e r s i o n  
model r e s u l t s  and mon i to r ing  d a t a  f o r  t h e  Milwaukee a r e a  a r e  a l s o  
g i v e n  i n  Tab le  2 .  The comparison between t h e  model r e s u l t s  i s  
e x c c l l - 3 4 .  A s  e x p e c t e d ,  t h e  a v e r a g e  of  t h e  mon i to r ing  d a t a  i s  
h i g h e r  t h a n  e i t h e r  m o d e l ' s  u rban  a r e a  ave rage .  
Although Milwaukee a r e a  d a t a  w e r e  used  t o  deve lop  t h e  Wisconsin 
* Emiss ions  
( t o n s  ) 
I 
Area Sources  I 
SCA d i s p e r s i o n  p a r a m e t e r s ,  t h e  Milwaukee comparison i s  n o t  a  
I 
Transportation 
Residential & 
Commercial 
P o i n t  Sources  
Industry 
Power Plants 
r edundan t  o r  c i r c u l a r  one.  The e m i s s i o n s  d a t a  b a s e  f o r  t h e  SCA 
Monito5ing 
Data 
( u g h 3  1 
t: 
e 
11 I 
SCA Model 
R e s u l t s  
(uq/m3 1 
1-49}18. 70 
17 .21  
743 
8 ,605  
7,486 
139,800 
d i s p e r s i o n  pa rame te r  development was d i f f e r e n t  from t h e  Milwaukee 
D e t a i l e d  D i s -  
pers ion*?odel  
R e s u l t s  
( vg/m3 
17 .3  
S u b t o t a l  
Background 
a r e a  e m i s s i o n s  d a t a  b a s e  used  t o  c a l c u l a t e  t h e  1973 ~ i l w a u k e e  SO2 
3.14} 7.33 
4.19 
I 26.03 
i 
i 5.00  
2 4  . O  
5 . 0  
c o n c e n t r a t i o n s .  The model u rban  a r e a  f o r  t h e  Dl SCA p a r a m e t e r  
c a l i b r a t i o n  had o n l y  c e n t r a l  Milwaukee c o a l  e m i s s i o n s ,  which t o t a l e d  
6.7 i 1 
TOTAL 
Y 
2,230 t o n s  of  SO2 e m i t t e d .  T h i s  compares w i t h  9,348 t o n s  . o f  SO2 
f o r  t h e  t o t a l  Milwaukee a r e a .  The p o i n t  s o u r c e  SCA pa rame te r  
I 31.03 ' 29 .0  I I 
c a l i b r a t i o n  used  a  r e p r e s e n t a t i v e  sample of  twen ty - f ive  p o i n t  
s o u r c e s  which had a  t o t a l  emis s ion  of  1 , 3 8 0  t o n s  of  SO2 f o r  t h e  
35-40 
1 
i n d u s t r i a l  s o u r c e s  and 43,100 t o n s  o f  SO2 f o r  t h e  s i n g l e  power 
p l a n t .  ÿ his compares w i t h  7,486 t o n s  of  SO2 from one hundred 
s e v e n t y - t i v e  i n a u s t r i a l  s o u r c e s  and 139,800 t o n s  o f  SO2 from 
seven power p l a n t s  f o r  t h e  t o t a l  Milwaukee a r e a .  The d e t a i l e d  
d i s p e r s i o n  model c a l c u l a t i o n s  f o r  each  c a s e  were comple te ly  i n -  
dependent ;  and t h e  r a d i u s  of t h e  model--area was 10 km, whereas  
t h e  r a d i u s  o f  t h e  Milwaukee urban a r e a  is  s i x t e e n  k i l o m e t e r s .  
Comparison of  SO? P o l l u t i o n  Leve l s :  Madison 
D e t a i l e d  emis s ion  i n v e n t o r y  d a t a  and d e t a i l e d  d i s p e r s i o n  
model c a l c u l a t i o n s  a r e  a v a i l a b l e  f o r  Madison f o r  1971 [18 ,  291. 
In  t h i s  c a s e  t h e  s t a t i s t i c a l  c o e f f i c i e n t  o f  c o r r e l a t i o n s  between 
t h e  mon i to r ing  s t a t i o n  measurements and t h e  c o n c e n t r a t i o n s  ca l cu -  
l a t e d  by t h e  model f o r  t h e  mon i to r ing  s t a t i o n s  s i t e s  i s  r = 0.84.  
U n f o r t u n a t e l y ,  t h e  d e t a i l e d  d i s p e r s i o n  model r e s u l t s  f o r  t h e  
annual -average  p o l l u t i o n  c o n c e n t r a t i o n s  a r e  on ly  a v a i l a b l e  f o r  
t h e  same l o c a t i o n s  i n  Madison a s  t h e  mon i to r ing  s t a t i o n s .  There- 
f o r e ,  t h e  SO2 v a l i d a t i o n  f o r  Madison must proceed  i n  a  d i f f e r e n t  
manner. 
A l l  of  t h e  mon i to r ing  s i t e s  i n  Madison a r e  i n  t h e  c i t y  c e n t e r ,  
t h e  a r e a  of  h i g h e s t  a i r  p o l l u t i o n  c o n c e n t r a t i o n s .  The q u e s t i o n  
i s ,  how much h i g h e r  i s  t h e  urban c e n t e r  ave rage  c o n c e n t r a t i o n  
compared t o  t h e  ave rage  c o n c e n t r a t i o n  f o r  t h e  e n t i r e  urban  a r e a .  
To answer t h i s  q u e s t i o n ,  a  m u l t i p l i c a t i v e  f a c t o r  must b e  d e r i v e d  
u s i n g  t h e  SCA method t h a t  w i l l  t a k e  t h e  ave rage  c o n c e n t r a t i o n s  
p r e d i c t e d  f o r  t h e  e n t i r e  urban  a r e a  and s c a l e  them up t o  an  
urban  c e n t e r  ave rage .  The r e s u l t i n g  SCA c o n c e n t r a t i o n s  p re -  
d i c t e d  f o r  t h e  urban  c e n t e r  a r e  t h e  c o n c e n t r a t i o n s  t h a t  shou ld  
be  compared w i t h  t h e  d e t a i l e d  d i s p e r s i o n  model r e s u l t s  and t h e  
mon i to r ing  d a t a  f o r  Madison. 
I t  is  p o s s i b l e  t o  g o  back t o  t h e  d a t a  of t h e  model u rban  a r e a  
used t o  d e v e l o p  t h e  SCA d i s p e r s i o n  pa rame te r s  and t a k e  a n  a r i t h -  
m e t i c  a v e r a g e  of t h e  a i r  ~ o l l u t i o n  c o n c e n t r a t i o n s  t h a t  r e p r e s e n t s  
o n l y  t h e  u r b a n  c e n t e r  (and t h e  h i g h e s t  c o n c e n t r a t i o n s ) .  The r a t i o  
of t h i s  u r b a n  c e n t e r  a v e r a g e  t o  t h e  urban  a r e a  ave rage  m u l t i p l i e d  
by t h e  SCA d i s p e r s i o n  pa rame te r  f o r  t h e  e n t i r e  u rban  a r e a  w i l l  g i v e  
a  new SCA urban  c e n t e r  d i s p e r i o n  D;. The u rban  a r e a  and 
urban  c e n t e r  a v e r a g e s  a r e  s c h e m a t i c a l l y  shown i n  F i g u r e  5.  To cor -  
respond with Madison, the urban center area is 10% of the total 
urban area. 
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Figure 5: Schematic Urban Cross-Section of Air Pollution 
Concentration with Urban Area and Urban Center 
Average Concentrations. 
I 
The Dins that were calculated for the Madison case are: 
,For Madison it is not necessary to calculate D because Madison's 3 
power plant has a stack height corresponding to the industrial 
I 
sources. However, for completeness, D was included here. 3 
The Madison SO2 emissions and SO2 comparisons are shown in 
Table 3. The transportation, residential and commercial emissions 
were multiplied by Di and the industrial and power plant emissions 
were multiplied by D:. The regular SCA model results are inclu- 
ded in the comparison ,for reference sake. The urban center SCA 
prediction is in very good agreement with the detailed dispersion 
model results. The agreement for the individual emission classes, 
i.e. the area sources and point sources, is not as good as for 
Milwaukee, but the agreement for the total SO, concentration is 
Table 3: Madison, SO Comparison 
1971 2 
better for Madison than for Milwaukee: Ninety-six percent of 
the detailed dispersion model total to 107% of the total, respec- 
tively. 
Area Sources 
Transportation 
Residential & 
Commercial 
Point Sources 
Industry 
Power Plant 
Subtotal 
Background 
TOTAL 
* 
The agreement for both Milwaukee and Madison is good for SO2 
po'llution. The agreement is more meaningful because the two urban 
areas are greatly different, both in size (187,000 inhabitants for 
Madison and 944,500 inhabitants for Milwaukee) and in the structure of 
their emissions. Milwaukee has a large fraction of its SO2 
emissions coming from power plants and the industrial emissions 
are approximately the same magnitude as the residential and com- 
mercial emissions. Madison has a power plant whose stacks are 
like industrial stacks and its industrial and power plant SO.? 
emissions dominate the area source emissions. Even with these 
great differences between the urban areas, the agreement between 
the SCA model and the detailed dispersion model results is (in- 
dividually) good for both the area sources and the combined point 
Source: Ref [29]. 
* *  
Source: Ref. [18] 
* 
Emissions 
(tons) 
227 
1,141 
6,638 
7,931 
Detailed 
Dispersion 
Model 
~esults** 
(P  g/m3 ) 
13.74 
20.36 
34.1 
2.0 
36.1 
SCA Model 
Results 
(U d m 3  )
.45 ) 2.74 
2.28 
2-79) 6.12 
3.33 
8.86 
2.00 
10.86 
Urban Center 
SCA Model 
Results 
(ugh3 ) 
10.74 
21.91 
32.65 
2.00 
34.65 
sources for each urban area. For SO, air pollution the model 
prescribed by the SCA method seems to provide a reasonable pic- 
ture of the overall ground-level pollution concentrations. The 
SCA model also appears to provide a good picture of the relative 
contribution each emission class makes to the ground-level pol- 
lution concentration. 
Comparison of PM Levels: Milwaukee 
The data for the Milwaukee particulate matter comparison 
comes from the same set of 1973 base year dispersion model cal- 
culations and emissions inventory data as for the SO, comparison. 
Milwaukee isopleth charts for PM were available for more emission 
source classifications than were available for SO2. The 
PM comparison for 1973 is shown in Table 4. Again transportation, 
residential and commercia-l emissions were multiplied by D indus- 1' 
trial emissions by D2 and power plant emissions by D3. 
* 
Source of Emissions: Ref. E28] 
* *  
Source.: Ref. [27] . 
Table 4: Milwaukee-, Particulate Matter 
Comparison, 1973 
Area Sources 
Transportation 
ResidentiaZ, 
CorrunerciaZ & 
Other 
Point Sources 
Industry 
Power PZants 
Subtotal 
Background 
TOTAL 
~missionz 
(tons) 
2 ,3 6 8 
1,604 
8,459 
7,960 
SCA Model Results 
( W/m3 1 
4.74} 7.95 
3.21 
3.8 
0.24 
11.75 
45.00 
56.75 
Detailed Dis- 
persion Model 
~esults*" 
( w/m3 1 
5.4 ) 10.8 
5.4 
6.1 
16.9 
45.00 
61.9 
Monitoring 
~ata** 
( W/m3 1 
73.05 
The agreement between the SCA model results and the detailed 
dispersion model results is poor. In every emissions category 
the SCA model prediction is significantly lower than the detailed 
dispersion model prediction. This will be discussed after 
making the Madison PM comparison. The monitoring data are higher 
than the total from either model. However, when the calculations 
of the detailed dispersion model are taken at the same points as 
the monitoring sites, the resulting average PM concentration cal- 
culated by the model becomes 70.8 ug/m3. This is in good agree- 
ment with the monitoring data. 
Com~arison of PM Pollution Levels: Madison 
The same set of 1971 Madison data provides the basis for the 
particulate matter comparisons. The same procedure must be used 
as in the SG2 comparison because the detailed dispersion model 
calculations for PM are also only available for the monitoring 
sites. Thus the same Df's can be used that were used for the SO2 
comparison. The emissions and model results are shown in Table 
5 for the Madison PM comparison. 
* 
Source: Ref. [29] 
**  
Source: Ref. 1181 
Table 5: Madison, Particulate Matter 
Comparison, 1971 
Area Sources 
Transportation 
Residentigl, 
Comercia2 & 
Other 
Point Sources 
Industry 
Power Plants 
Subtotal 
Background 
TOTAL 
* Emissions 
(tons) 
1 ,2 2 6 
1,625 
1,116 
4,094 
SCA Model 
Results 
( !Jg/m3 1 
2.45} 5.70 
3.25 
0.47} 2.19 
1.72 
7.89 
30.00 
37.89 
Urban Center 
SCA Model 
Results 
( ug/m3 
22.35 
7.83 
30.18 
30.00 
60.18 
Detailed 
Dispersion 
Model 
~esults** 
(vg/m3 1 
23.9 
5.5 
29.4 
30.0 
59.4 
Moni- 
toring 
~ata** 
( ug/m3 
75 
The agreement between the urban center SCA prediction and 
the detailed dispersion results for Madison is excellent for the 
total PM concentration. As in the Madison SO, comparison, t.he 
SCA model gives higher concentrations for the point source emis- 
sions and lower concentrations for the area source emissions than 
given by the detailed dispersion model calculations. It is felt 
that the difference between the detailed dispersion model results 
and the monitoring data represents deficiencies in the PM emissions 
inventory [28]. Emission inventory deficiencies do not effect the 
SCA dispersion parameter calibrations, only the predicted ground- 
level concentrations. 
It is unclear why the agreement for Madison is qood for 
both SO, and PM but for Milwaukee it is good only for SC,. As a 
first check, the same procedure that was used to calculate the 
Madison urban center concentration can be applied to Milwaukee 
for PM concentrations. The results of that check are shown in 
Table 6. The agreement is excellent for the totals. The agreement 
for the individual emission classes is not so good. 
I 
Table 6: Milwaukee Urban Center PM 
Comparison 
Area Sources 
Transportat ion 
Res iden t ia l ,  
ComerciaZ & 
Others 
Point Sources 
Industry  
Power Plant 
Subtotal 
Background 
TOTAL 
* 
Source: Ref. 12 71 
Milwaukee 
Urban Center 
SCA Model 
Results 
(v d m 3  )
18.6 
12.6 
12.7 13.0 
0.3 
44.2 
45.0 
99.2 
Milwaukee 
Urban Center 
Monitoring 
~esults* 
(U q/m3 
100.3 
Urban Center 
Detailed 
persion Model 
~esults* For 
Urban Center 
Dis-,Detailed Dis- 
persion Model 
Results Iso- 
Monitoring pleth Charts I 
sites (vg/m3)! (ug/m3) 1 
10.7 
13.7 
20.0 
44.4 
45.0 
99.4 
I 
15.5 
10.5 i 
24.5 
50.5 
45.0 
105.5 
For the area sources, the agreement- is best, -and the differences 
that do exist are understandable. For the residential, commercial 
4 
and other PM emission sources, the isopleth chart of PM concentrations 
for Milwaukee indicates an urban size saturation effect and the max- 
imum concentration is spread very broadly over 2 0 %  of the total 
urban area. Moreover, the absolute PM maximum is not large 
relative to the total urban area average PM concentration for 
these emission sources -- a factor of two. (In transportation 
emissions the urban center PM concentration is about a factor of 
three higher than the urban average PM concentration.) The data 
used to develop the SCA dispersion parameter for area sources 
do not show the saturation effect shown in the Milwaukee resi- 
dential and commercial PM concentration data. The area of maxi- 
mum concentration in this data is only 5% of the total model urban 
area and the peak S C 2  concentration is much larger than the urban 
area average SO concentration -- nearly a factor of 4. (The factor 2 
of 3 . 9 2  used to calculate Di). Thus it is expected that the SCA 
method, in the Milwaukee case, would over-estimate the urban center 
peak relative to the total urban average for the PM area source 
emission class. This implies that the SCA estimate of the urban 
average PM concentration is low for large urban areas where the- 
area source emissions are more evenly spread throughout the urban 
area, rather than being more concentrated in the center. 
This effect of spreading would explain why the SCA model 
\ 
results are low for PM. However, the area source SCA model results 
for Milwavkee SO2  are higher than the detailed dispersion model 
urban average, although the agreement is close. This contradicts 
the explanation for the PM results. The implication is that the 
emission sources are sufficiently different for S O 2  and PM, that 
the urban size saturation effect does not play as strong a role 
for S O 2 .  This is quite reasonable, because it isknownthat most of 
the S O 2  emissions come from old coal-burning establishments in the 
center of Milwaukee. 
Since we stated earlier that we have ignored the urban size 
effect for the present, the SCA model results for the Milwaukee 
PM area source class of emissions would be expected to be lower 
than  t h e  d e t a i l e d  d i s p e r s i o n  model r e s u l t s .  The SCA model r e s u l t s  
f o r  SO2 a r e a  sources  would not  be expected t o  be lower than  t h e  
d e t a i l e d  d i s p e r s i o n  model r e s u l t s .  The apparen t  c o n t r a d i c t i o n  
between PM and SO2 SCA r e s u l t s  seems t o  have a  r e s o l u t i o n  f o r  
a r e a  sources .  Thus t h e  i n i t i a l  v a l i d a t i o n  a n a l y s i s  f o r  a r e a  
sources  i n d i c a t e s  t h a t  t h e  SCA method works w e l l  and works b e s t  
f o r  SO2. 
The s i t u a t i o n  f o r  p o i n t  source  emiss ions  i s  n o t  a s  c l e a r  a s  
f o r  a r e a  sources .  The disagreement  between t h e  SCA model r e s u l t s  
and t h e  d e t a i l e d  d i s p e r s i o n  model r e s u l t s  a r e  i n  t h e  same d i r e c t i o n  
a s  f o r  PM. But t h e  d i s p a r i t y  i s  worse. The same apparen t  con t ra -  
d i c t i o n  between t h e  SO2 r e s u l t s  and t h e  PM r e s u l t s  i s  a l s o  p r e s e n t .  
But aga in  t h e  d i s p a r i t y  is  worse. The d i f f e r e n c e  i n  t h e  s o u r c e  
c o n f i g u r a t i o n  between SO2 and PM sources  may aga in  be  p l a y i n g  a  
major r o l e ,  because b i g  SO2 e m i t t e r s  a r e  n o t  n e c e s s a r i l y  b i g  PM 
e m i t t e r s .  The f a c t  t h a t  t h e  power p l a n t s  p l a y  a  dominant r o l e  i n  
t h e  SO2 p o i n t  source  urban average and n o t  f o r  PM urban averages  
may a l s o  p l a y  a  r o l e  i n  t h e  Milwaukee v a l i d a t i o n  c a s e s .  More 
d e t a i l e d  i n v e s t i g a t i o n s  must be c a r r i e d  o u t  b e f o r e  t h e  d i s p a r i t y  
of t h e  p o i n t  source  SCA model r e s u l t s  f o r  t h e  PM can be  c l e a r l y  
exp la ined .  Thus t h e  i n i t i a l  v a l i d a t i o n  a n a l y s i s  f o r  p o i n t  s o u r c e s  
i n d i c a t e s  t h a t  t h e  SCA method seems t o  work w e l l  f o r  SO2 p o l l u t i o n  
and n o t  s o  w e l l  f o r  PM p o l l u t i o n .  
Conclusions of t h e  V a l i d a t i o n  E f f o r t  
There a r e  t h r e e  conclus ions  t h a t  can be  de r ived  from t h e  
comparisons f o r  SO2 and PM f o r  Wisconsin: 
1) The SCA model p r e s c r i b e d  by t h e  SCA method seems t o  
provide  a  r easonab le  p i c t u r e  of t h e  o v e r a l l  ambient 
p o l l u t i o n  c o n c e n t r a t i o n  i n  an urban a r e a .  I t  appears  
t o  p rov ide  a  good p i c t u r e  of t h e  r e l a t i v e  c o n t r i b u t i o n  
t o  ambient ground-level  p o l l u t i o n  c o n c e n t r a t i o n s  from 
d i f f e r e n t  emiss ion  c l a s s e s .  When necessa ry ,  t h e  SCA 
method a l s o  appears  t o  provide a  r easonab le  p i c t u r e  of 
urban center pollution concentrations relative to the 
entire urban area average. The comparisons of the Wis- 
consin SCA model with detailed dispersion results and 
monitoring data for Wisconsin form an initial basis 
for validation of the method, and they are as good as 
might be expected. We believe, therefore, that the 
method would also do well in other regions for policy 
evaluation. The SCA dispersion parameters can be modi- 
fied to reflect the differences in the meteorology in 
different regions. 
2) The SCA model is able to represent the degree of SO2 pol- 
lution in urban areas. Further, the SCA model is able 
to provide guidance for distinguishing the sources of 
the SO2 ground-level pollution concentrations. Respon- 
sibility for these SO2 concentrations can be assigned 
to the three emission classes. If damage functions 
are known, those quantifiable parts of environmental 
impacts attributable to SO, air pollution can be calculated 
using the ground-level air pollution concentrations 
provided by the SCA model. 
3) Conclusion 2) above for SO2 does not hold in toto for 
particulate matter. The SCA model cannot be used for PM 
with the degree of confidence that it can be.used for 
SO2. But the SCA model together with PM emissions still 
provides better guidance for PM pollution impacts 
than emissions would alone. 
APPLICATION OF TIlE APPROXIMAT1O:J P4F,TIIOD TO SPECIFIC .- CASE STUDIES 
As stated earlier, the major objective of the SCA method is 
to develop a flexible and simple means for addressing policy 
questions concerned with alternative futures that include air 
pollution impacts related to energy us&. It has been demonstrated 
above that the SCA method can meet this objective. It is worth 
discussing now the results of the application of the method to 
specific case studies. 
The f i r s t  a p p l i c a t i o n  of t h e  SCA method was c a r r i e d  o u t  a t  
IIASA w i t h i n  t h e  r e s e a r c h  program on Management of Regional Energy/ 
Environment Systems 130,311. This  involved t h r e e  r e g i o n a l  c a s e  
s t u d i e s ,  namely, t h e  German Democratic Republic  ( G D R ) ,  t h e  Rhone- 
Alpes reg ion  of France ,  and t h e  s t a t e  of Wisconsin i n  t h e  USA. The 
SCA models a r e  d e s c r i b e d  f o r  two c i t i e s ,  one i n  Wisconsin and one 
i n  t h e  GDR. These two c i t i e s  demonstrate  t h e  d i f f e r e n c e  i n  how a i r  
p o l l u t i o n  impact i s  c r e d i t e d  t o  an emission c l a s s  when only  emiss ions  
a r e  cons idered  and when d i s p e r s i o n  is  cons ide red .  Two s e n s i t i v i t y  
s t u d i e s  a r e  p resen ted  t o  i l l u s t r a t e  t h e  use  of t h e  SCA method t o  
provide i n s i g h t s  i n t o  q u e s t i o n s  r a i s e d  a t  t h e  r e g i o n a l  l e v e l  con- 
ce rn ing  energy use  and a i r  p o l l u t i o n  impact.  
Three-Region Study R e s u l t s  
I n  t h e  Three-Region Study a l t e r n a t i v e  s c e n a r i o s  were w r i t -  
t & z  f o r  each r e g i o n  and from t h e s e  s c e n a r i o s  t h e  energy demand 
was c a l c u l a t e d  f o r  each economic s e c t o r ,  i . e .  t h e  i n d u s t r i a l ,  
r e s i d e n t i a l ,  t r a n s p o r t a t i o n  and commercial s e c t o r s .  This  energy 
demand was conver ted  i n t o  SO, emissions and t h e s e  emiss ions  
w e r e  a s s o c i a t e d  wi th  t h e  a p p r o p r i a t e  urban c e n t e r .  An SCA model 
then  converted t h e  emiss ions  i n t o  ground l e v e l  SO, concent ra-  
t i o n  ( o r  SO2 d o s e ) ; f o r  t h e  urban a r e a s .  R e s u l t s  a r e  shown f o r  a  
GDR urban a r e a  and a Wisconsin urban a r e a  i n  F igure  6 i n  terms of 
t h e  percentage  of m i s s i o n s  i n  each emiss ion  source  c l a s s  and i n  
t e r m s  of t h e  percentage  of t h e  dose t h a t  is  a t t r i b u t a b l e  t o  each 
emission source  c l a s s .  This  F igure  and Tab les  2-5 demonstrate  t h a t  
emissions a lone  a r e  a  poor i n d i c a t o r  of a i r  p o l l u t i o n  impacts  a t  
t h e  ground l e v e l .  The SCA method i s  a l s o  u s e f u l  fo l lowing t h i s  
emission change over  t ime and i n  i n d i c a t i n g  how t h e  r e l a t i v e  
r e s p o n s i b i l i t y  f o r  t h e  ground-level  c o n c e n t r a t i o n  changes; f o r  
example, i f  t h e  Wisconsin urban a r e a  emiss ions  evolve  over  t i m e  t o  
t h e  emiss ion  s t r u c t u r e  of t h e  GDR urban a r e a .  Removing t h e  GDR 
urban a r e a  d i s t r i c t  h e a t ,  t h e  Wisconsin urban a r e a  emissions d i d  
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e v o l v e  i n  o n e  o f  t h e  Wiscons in  s c e n a r i o s  t o  a n  e m i s s i o n s  s t r u c t u r e  
s i m i l a r  t o  t h a t  o f  t h e  GDR u r b a n  a r e a .  T h i s  was b e c a u s e  t h e  s e r v i c e  
s e c t o r  grew more r a p i d l y  t h a n  t h e  i n d u s t r i a l  s e c t o r  ( h i s t o r i c a l  t r e n d )  
and becau se  t h e  e l e c t r i c  power s t a t i o n s  p u t  on SO, e m i s s i o n s  
c o n t r o l s  t o  meet  t h e  US Envi ronmenta l  P r o t e c t i o n  Agency S t an -  
d a r d s .  The a b i l i t y  t o  t r a c k  such  e m i s s i o n  changes  and c o n v e r t  
them t o  g r o u n d - l e v e l  c o n c e n t r a t i o n s  i l l u s t r a t e s  t h e  v a l u e  o f  
t h e  SCA method f o r  s c e n a r i o  and e n v i r o n m e n t a l  impac t  a n a l y s i s .  
F o r  t h e  GDR u r b a n  a r e a  it i s  i n t e r e s t i n g  t o  n o t e  t h a t  d- is -  
t r i c t  h e a t i n g  s a t i s f i e s  a  s i g n i f i c a n t  amount o f  t h e  r e s i d e n t i a l  
and commercia l  s p a c e  h e a t  demand. D i s t r i c t  h e a t i n g  s t a t i o n s  
have t a l l  s t a c k s ;  t h e r e f o r e ,  t h e i r  e m i s s i o n s  a r e  m u l t i p l i e d  by 
D 2 ,  t h e  medium-height  p o i n t  s o u r c e  SCA d i s p e r s i o n  p a r a m e t e r .  Fo r  
t h e  same amount o f  s p a c e  h e a t i n g  e m i s s i o n s , l e s s  a i r  p o l l u t i o n  
impac t  o c c u r s  a t  t h e  l o c a l  l e v e l  w i t h  t h e  u s e  o f  d i s t r i c t  h e a t .  
T h i s  w i l l  be  p r e s e n t e d  i n  more d e t a i l  i n  t h e  f o l l o w i n g  s e n s i -  
t i v i t y  s t u d y .  
S e n s i t i v i t v  S t u d i e s  
Emiss ion  So u r c e  
One i s s u e  o f  g r e a t  i n t e r e s t  t o  t h e  GDR was t h e  u s e  o f  
d i s t r i c t  h e a t i n g  t o  a m e l i o r a t e  t h e  SO, e n v i r o n m e n t a l  impac t  i n  
i t s  u rban  a r e a s .  The GDR h a s  l a r g e  c o a l  r e s e r v e s  and d e s i r e s  
t o  u s e  t h e  c o a l  r a t h e r  t h a n  impor t  p e t r o l e u m  o r  n a t u r a l  g a s .  
But t h e  d i r e c t  u s e  o f  c o a l  i n  t h e  homes f o r  s p a c e  h e a t  c r e a t e s  
a  s i g n i f i c a n t  SO, p o l l u t i o n  problem.  D i s t r i c t  h e a t i n g  i s  a l r e a d y  
p r a c t i c e d  t o  a  l a r g e  d e g r e e  i n  t h e  GDR and i s  a  f e a s i b l e  a l t e r -  
n a t i v e  t o  t h e  i n d i v i d u a l  home f u r n a c e  f o r  t h e  s u p p l y  o f  s p a c e  
h e a t .  
R e s i d e n t i a l  s p a c e  h e a t i n g  SO2 e m i s s i o n s  a s  a  f u n c t i o n  o f  
t i m e  a r e  shown i n  F i g u r e  7 .  f o r  a  r e p r e s e n t a t i v e  medium-sized 
mm COAL 
DISTRICT 
HEAT 
Figure 7: Main city residential SO2 emissions 
by source, GDR urban area. 
urban area in the southern GDR. The phasing out of direct coal 
use and its replacement by coal generated district heat for resi- 
dential space heating could be nearly accomplished by 2 0 2 5  for a 
scenario projecting maximum possible growth of district heat with- 
out retrofit and with little substitution by other fuels. This 
phase-out and replacement is illustrated by the change in the 
202 emission source in Figure 7. 
Figure 8 shows the consequences of such a shift to district 
heat on the SO, ground level concentrations. The total SO, emis- 
sions decline somewhat because some SO,, control is assumed to 
be applied at the district heating plants. But the ambient ground- 
level SC2 concentration from space heating decreases dramatically. 
Figure 8: Main city residential emissions versus 
dose for S02, GDR urban area. 
As mentioned earlier, the decrease in the urban SO2 ground- 
level concentrations projected by the SCA model is due to a 
transfer of the emissions from emission source class 1 (area 
sources) to emission source class 2 (medium-height point sources). 
Thus the environmental impact is expected to greatly decrease 
in the urban area for approximately the same coal use. One must 
be careful, however, in applying this conclusion everywhere, 
because it does not hold outside the urban area. Outside the 
urban area, the relative contribution of emissions to the ground- 
level concentrations is the same. for emission source classes 1 
and 2. This is seen in the emission strength function, [ F  (E)  ,Table 11 , 
since the constants a and b are both equal to 1. 
Stack Height 
In some regions, the response to air pollution standards has 
been to increase the stack height of the power plants rather 
than put in SO, pollution controls. How effective such a policy 
might be can be investigated by the SCA method. This can be 
accomplished by calculating the SCA dispersion parameter D3 for 
different stack heights. Figure 9 shows the estimated SCA 
dispersion parameter D3 as a function of stack height for a 
given power plant with given emissions. The stack heights 
ranged from 80 - 300m. A dramatic decrease in the SCA dispersion 
Figure 9: SCA model estimated dispersion 
parameter, D3, versus stack height 
for a model power plant with given 
emissions. 
STACK HEIGHT (m) 
parameter's value occurs as the stack height is increased 
to 150 m; thereafter, the rate of decrease of D 3  slows down 
considerably. It must again be emphasized that this SCA dispersion 
parameter applies only to the urban area. I 
CONCLUSIONS 
A Smeared Concentration Approximation (SCA) method was 
developed to include the dispersion of air pollution emissions 
in the anaiysis of regional air pollution impacts. One of 
the major objectives of the SCA method is to provide a flexible 
and simple means for calculating ground-level pollution concen- 
tra-tions for alternative energy futures (energy scenarios) for 
use in the analysis of air pollution impacts. 
The SCA method was described and its critical assumptions 
were outlined. The primary emphasis was on SO2 pollution. An 
SCA model was developed as prescribed by the SCA method; in 
particular the Wisconsin SCA model was given. A preliminary 
validation of the Wisconsin SCA model was made for two pollutants 
-- SO2 and particulate matter. 
The results of this initial validation indicate that the SCA 
method seems to provide a reasonable picture of the overall ambient 
air pollution concentration in an urban area. The SCA method also 
appears to provide a good picture of the relative contribution each 
emission class makes to the ground-level concentration. The pre- 
liminary validation was good for SO2, but weaker for PM. The pre- 
liminary validation was good enough that we believe the SCA method 
is usable in other regions for long-term policy analysis in those 
regions. However, the model must be validated in other regions 
before general applicabilitv can be claimed. 
Results of the use of the SCA method in specific case 
studies indicate the value the method has for addressing air 
pollution issues and air pollution impacts. The validation 
exercise also contained within it the demonstration that disper- 
sion is important and that decisions should not be made only on 
the basis of emissions. 
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